Abstract: Future Internet should be able to support a wide range of services containing large amount of multimedia over different network types at a high speed. The future optical networks will therefore be hybrid, composed of different single-mode fibre (SMF), multi-mode fibre (MMF) and free-space optical (FSO) links. In these networks, novel modulation and coding techniques are needed that are capable of dealing with different channel impairments, be it in SMF, MMF or FSO links. The authors propose a coded-modulation scheme suitable for use in hybrid FSO -fibre-optics networks. The proposed scheme is based on polarisationmultiplexing and coded -orthogonal frequency division multiplexing (OFDM) with large girth quasi-cyclic lowdensity parity-check (LDPC) codes as channel codes. The proposed scheme is able to simultaneously deal with atmospheric turbulence, chromatic dispersion and polarisation mode dispersion (PMD). With a proper design for 16-quadrature amplitude modulation (QAM)-based polarisation-multiplexed coded-OFDM, the aggregate data rate of 100 Gb/s can be achieved for OFDM signal bandwidth of only 12.5 GHz, which represents a scheme compatible with 100 Gb/s per wavelength channel transmission and 100 Gb/s Ethernet.
Introduction
The transport capabilities of fibre-optic communication systems have increased tremendously, primarily because of advances in optical devices and technologies, and have enabled the Internet as we know it today with all its impacts on the modern society. In particular, dense wavelength division multiplexing (DWDM) became a viable, flexible and cost-effective transport technology [1 -9] . Optical communication systems are developing rapidly because of the increased demands on transmission capacity. For example, the network operators are already considering 100 Gb/s per DWDM channel transmission [2] . The free-space optical (FSO) communication [10 -12] is the technology that can address any connectivity needs in optical networks, be it in the core, edge or access. In metropolitan area networks (MANs), the FSO can be used to extend the existing MAN rings; in enterprise, the FSO can be used to enable local area network (LAN)-to-LAN connectivity and intercampus connectivity; and the FSO is an excellent candidate for the last-mile connectivity [11] . The future optical networks will allow the integration of fibre optics and FSO technologies, and will, therefore, have different portions of network being composed of fibre [either single-mode fibre (SMF) or multi-mode fibre (MMF)] and FSO sections. These hybrid optical networks might have a significant impact in both military and commercial applications, when pulling the ground fibre is expensive and takes a long time for deployment. Given the fact that hybrid optical networks will contain both FSO and fibre-optic sections, one has to study not only how to deal with atmospheric turbulence present in the FSO portion of the network, but also the influence of fibre nonlinearities, PMD and chromatic dispersion in the fibreoptic portion of the network.
In this paper, we propose a coded-modulation scheme that is able to simultaneously deal with atmospheric turbulence, chromatic dispersion and polarisation-mode dispersion (PMD) in future hybrid optical networks. Moreover, the proposed scheme supports 100 Gb/s per DWDM channel transmission and 100 Gb/s Ethernet, while employing the mature 10 Gb/s fibre-optics technology. The proposed hybrid optical network scheme employs the orthogonal frequency division multiplexing (OFDM) as the multiplexing and modulation technique, and uses the low-density parity-check (LDPC) codes as channel codes. With a proper design for 16 quadrature amplitude modulation (QAM)-based polarisation-multiplexed coded-OFDM, the aggregate data rate of 100 Gb/s can be achieved for the OFDM signal bandwidth of only 12.5 GHz, which represents a scheme suitable for 100 Gb/ s Ethernet. Note that arbitrary forward error correction (FEC) scheme can be used in proposed hybrid optical network. However, the use of large girth LDPC codes [2] leads to the channel capacity achieving performance.
We consider two scenarios: (i) the FSO channel characteristics are known on the transmitter side and (ii) the FSO channel characteristics are not known on the transmitter side. In both scenarios, we assume that fibreoptic channel properties are known on the receiver side, obtained by pilot-aided channel estimation. Given the fact that transmitter and receiver nodes might be connected through several FSO and fibre-optic links, and that FSO link properties can vary significantly during the day, it is reasonable to assume that FSO link channel conditions are not known on the receiver side. In the presence of rain, snow and fog, we assume that an RF feedback channel is used to transmit the channel coefficients to the transmitter, which adapts the transmitted power and data rate according to the channel conditions.
The proposed scheme has many unique advantages: (i) demodulation, equalisation and decoding are jointly performed; (ii) it is able to operate in the presence of channel impairments over different optical links, be it in SMF, MMF or FSO, (iii) it has high-bandwidth efficiency (even 10 bits/s/Hz), (iv) it is compatible with future 100 Gb/s Ethernet technologies; and (v) the employed coded modulation provides excellent coding gains. We also describe about how to determine the symbol reliabilities in the presence of laser phase noise, and describe a particular channel inversion technique suitable for dealing with PMD effects.
The paper is organised as follows. In Section 2 we describe the proposed hybrid optical network and the corresponding coded-modulation scheme. In Section 3 we describe the channel model, whereas in Section 4 we describe the receiver architecture and transmission diversity principle. In Section 5 we report numerical results, and some important conclusions are given in Section 6.
Description of the proposed hybrid optical network
An example of a hybrid FSO -fibre-optic network is shown in Fig. 1a . This particular example includes inter-satellite links and connection to aircrafts. The fibre-optic portion of the network could be a part of already installed MAN or wide area network (WAN). The FSO network portion should be used whenever pulling the ground fibre is expensive and/or takes too much time for deployment, such as urban and rural areas, where the optical fibre links are not installed. The corresponding hybrid optical networking architecture is shown in Fig. 1b . We can identify three ellipses representing the core network, the edge network and the access network. The FSO links can be used in both edge and access networks. The hybrid optical networks impose a big challenge to the engineers, because the novel signal processing techniques should be developed, which would be able to simultaneously deal atmospheric turbulence in FSO links, and with chromatic dispersion, PMD and fibre non-linearities in fibre-optic links. One such coded-modulation technique is described in the rest of this section. By using the retro-reflectors the FSO systems can be applied even when there is no line of sight between the transmitter and the receiver.
The proposed coded-modulation scheme employs the coded-OFDM scheme with coherent detection. Note that the coded-OFDM scheme with direct detection has already been proposed by the authors in [12] , as a scheme that in combination with interleaving is able to operate under strong atmospheric turbulence. The use of coherent detection offers the potential of even 24 dB improvement over uncoded direct detection counterpart. One portion of improvement (10 -13 dB) is comes from the fact that coherent detection can approach quantum-detection limit easier than direct detection. The second portion (about 11 dB) comes from the use of large-girth LDPC codes [1, 2] . Let us now describe the operation principle of 
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IET Optoelectron., 2010, Vol. The OFDM symbol is generated as described below. N QAM input QAM symbols are zero padded to obtain N FFT input samples for inverse fast Fourier transform (IFFT) (the zeros are inserted in the middle rather than at the edges), and N G non-zero samples are inserted to create the guard interval. For efficient chromatic dispersion and PMD compensation, the length of the cyclically extended guard interval should be longer than the total spread because of chromatic dispersion and maximum value of differential group delay (DGD). The cyclic extension is obtained by repeating the last N G /2 samples of the effective OFDM symbol part (N FFT samples) as a prefix, and repeating the first N G /2 samples as a suffix. After D/A conversion (DAC), the OFDM signal is converted into the optical domain using the dual-drive MachZehnder modulators (MZMs). Two dual-drive MZMs are needed, one for each polarisation. The outputs of MZMs are combined using the polarisation beam combiner (PBC). The same distributed feedback (DFB) laser is used as a CW source, with x-and y-polarisations being separated by a polarisation beam splitter (PBS).
The operations of all other blocks in the transmitter are similar to those we reported in [9, 12] , and for more details on OFDM with coherent detection an interested reader is referred to an excellent tutorial paper by Shieh et al. [4] .
The key idea of this proposal is to use the OFDM with a large number of subcarriers (in the order of thousands) so that the OFDM symbol duration becomes in order of ms, and by means of interleavers in the order of thousands overcome the atmospheric turbulence with temporal correlation in the order of 10 ms. For the OFDM scheme to be capable of simultaneously compensating for chromatic dispersion and PMD, in addition to the atmospheric turbulence, the cyclic extension guard interval should be longer than the total delay spread because of chromatic dispersion and DGD, as indicated above.
The OFDM is also an excellent candidate to be used for multi-user access [known as OFDM access (OFDMA)]. In OFDMA, subsets of subcarriers are assigned to individual users. OFDMA enables time and frequency domain resource partitioning. In time domain, it can accommodate for the burst traffic (packet data) and enables multi-user diversity. In frequency domain, it provides further granularity and channel-dependent scheduling. In OFDMA, different numbers of sub-carriers can be assigned to different users, in order to support differentiated quality of service (QoS). Each subset of subcarriers can have different kinds of modulation formats, and can carry different types of data. The differentiated QoS can be achieved by employing the LDPC codes of different error correction capabilities. The OFDMA, therefore, represents an excellent interface between wireless/wireline and optical technologies.
Because for high-speed signals a longer sequence of bits is affected by the deep fade in the ms range due to atmospheric turbulence, we propose to employ the polarisation multiplexing and large QAM constellations in order to achieve the aggregate data rate of R D ¼ 100 Gb/s, while keeping the OFDM signal bandwidth in the order of 10 GHz. For example, by using the polarisationmultiplexing and 16-QAM, we can achieve R D ¼ 100 Gb/s for a OFDM signal bandwidth of 12.5 GHz, resulting in a bandwidth efficiency of 8 bits/s/Hz. Similarly, by using the polarisation multiplexing and 32-QAM we can achieve the same data rate (R D ¼ 100 Gb/s) for a OFDM signal bandwidth of 10 GHz, with a bandwidth efficiency of 10 bits/s/Hz.
The receiver description requires certain knowledge of the channel. In what follows, we assume that fibre-optic channel characteristics are known on the receiver side, because the fibre-optics channel coefficients can easily be determined by pilot-aided channel estimation. On the other hand, the hybrid optical network may contain different FSO and fibre-optic sections, while the channel characteristics of the FSO link can change rapidly even during the day, it is reasonable to assume that FSO channel characteristics are not known on the receiver side. The FSO transmitter can use a retro-reflector and a training sequence to sense the FSO channel. We will further describe two concepts: (i) the transmitter does not have any knowledge about the FSO link and (ii) the transmitter knows the FSO link properties. When the transmitter knows the FSO link properties, we can employ the transmitter diversity concept. Before resuming our description of the coded-OFDM receiver, in the next section we provide more details about FSO and fibre-optic channel models.
Description of the channel model
A commonly used turbulence model assumes that the variations of the medium can be understood as individual cells of air or eddies of different diameters and refractive indices. In the context of geometrical optics, these eddies may be observed as lenses that randomly refract the optical wave front, generating a distorted intensity profile at the
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where k ¼ 2p/l is the wave number, l is the wavelength, L is the propagation distance and C n 2 denotes the refractive index structure parameter, which is constant for horizontal paths. Weak fluctuations are associated with s 2 R , 1, the moderate with s 2 R ' 1, the strong with s 2 R . 1 and the saturation regime is defined by s 2 R 2.1 [10] . In the weak turbulence regime, the Rytov method is commonly used to represent the field of electromagnetic wave as follows [10] (using cylindrical coordinates R ¼ (r, L), with L being the transmission distance)
where U 0 (r, L) is the electromagnetic field in the absence of turbulence, and c is the complex phase perturbation because of turbulence. The complex phase perturbation can be expressed as follows
where X is the log-amplitude fluctuation and Y is the corresponding phase fluctuation. In the weak turbulence regime it is reasonable to assume X and Y to be Gaussian random processes. To deal with phase fluctuations someone may use active modal compensation of wave-front phase distortion [13] . The residual phase variance after modal compensation can be described in terms of Zernike terms by [13] 
where D is the aperture diameter, d 0 is the correlation length and Z J denotes the Jth Zenrike term not being compensated (commonly J ¼ 3, 6, 10, 20) . Through the paper we assume D , d 0 and that the Zenrike terms beyond 5 are not compensated, leading to typical s Y being between 0.01 and 0.1. We further assume that the OFDM system is designed such that T OFDM , t 0 , where T OFDM is the OFDM symbol duration and t 0 is the correlation time, typically between 10 ms and 10 ms. Therefore the Gaussian process X(t) can be described by multivariate Gaussian distribution
where
, with E[ . ] being the expectation operator. C X is the covariance matrix with elements (C X ) i,j ¼ s 2 X b X (ji 2 jjT OFDM /t 0 ), where the covariance function b X (t) is found to be exponential for both plane and spherical waves [10, 12] 
X denotes the variance of the log-normally distributed amplitude, which for plane wave can be approximated as [10] 
where the wave number k, propagation length L and the refractive index structure parameter C n were introduced earlier. Note that s X is different from Rytov standard deviation s R used earlier and for horizontal paths s R ' 2s X . Therefore for the weak turbulence regime s X , 0.5.
We turn our attention now to the fibre-optic channel model. For the first-order PMD study the Jones matrix, neglecting the polarisation-dependent loss and depolarisation effects because of non-linearity, can be represented in a manner similar to [14] by
where t denotes DGD, R ¼ R(u, 1) is the rotational matrix defined by 
T denotes the noise vector because of the amplified spontaneous emission (ASE) and the Jones matrix H was introduced in (8) [15] , which are a zero-mean Gaussian processes with corresponding variances being 2pDn T jtj and 2pDn LO jtj, where Dn T and Dn LO are the laser linewidths of transmitting and receiving laser, respectively. a i (k) denotes the log-amplitude attenuation coefficient because of the atmospheric turbulence channel and f Y is the residual phase noise process that remained after modal-phase compensation, as described above. From (9) we can create the equivalent OFDM channel model as shown in Fig. 3. 
Description of the receiver and transmission diversity scheme
In this section we describe the operation of the receiver by observing two different transmission scenarios. In the first scenario we assume that the transmitter does not have any knowledge about the FSO channel. In the second scenario we assume that the transmitter has knowledge about the FSO link, which is obtained by using the short training sequence transmitted towards the retro-reflector. In both scenarios we assume that the receiver knows the properties of the fibre-optic portion of the network obtained by pilotaided channel estimation. This can be achieved by organising the OFDM symbols in OFDM packets with several initial OFDM symbols being used for channel estimation. Note that this approach is also effective in estimating the FSO channel properties in the regime of weak turbulence. The immunity to atmospheric turbulence can be improved by employing the diversity approaches [16] . To maximise the receiver diversity, the multiple receivers should be separated enough so that independency condition is satisfied. Given the fact that the laser beam is getting expanded, during propagation it might not be possible always to separate the receivers sufficiently enough so that the independence condition is satisfied. On the other hand, by using transmission diversity instead, the independence condition is easier to satisfy. Moreover, it has been shown in [17] that transmitter diversity performs better comparable to the maximum-ratio combining receiver diversity. In transmission diversity, the signal to be transmitted from the ith transmitter, characterised by path gain r i exp[2ju i ], is pre-multiplied by complex gain a i ¼ a i exp[2ju i ] (0 a i 1). On the receiver side, the weight a i that maximises the signal-to-noise ratio is chosen by [17] 
where L is the number of transmitter branches. When the channel is not known on the transmitter side, we have to set up a i to 1, and u i ¼ 0, and use the Alamouti-type scheme instead [16, 17] . Note, however, that the Alamouti-type receiver requires the knowledge of the FSO channel, and as such is not considered here.
The operations of all blocks of receiver, except the symbol detector shown in Fig. 2d , are similar to those we reported in [9, 12] ; for more details on OFDM with coherent detection and chromatic dispersion compensation an interested reader is referred to [4] . Here we describe the operation of the symbol detector block, the calculation of symbol loglikelihood ratios (LLRs) and the calculation of bit LLRs, in the presence of laser phase noise. By re-writing (9) in scalar form, we obtain, by ignoring the laser phase noise at the moment to keep the explanation simpler
where we used the index k to denote the kth subcarrier, index i to denote the ith OFDM symbol, h ij (k) (i, j [ fx, yg) are the channel coefficients because of PMD introduced by (8) , s x,i,k and s y,i,k denote the transmitted symbols in x-and y-polarisation, respectively; whereas the corresponding received symbols are denoted by r x,i,k and r y,i,k . The weight a i is chosen in such a way so as to maximise the SNR, as explained above. In (10) and (11) n x,i,k and n y,i,k denote the ASE noise processes in x-and y-polarisation. In the absence of ASE noise, (10) and (11) represent the system of linear equations with two unknowns s x,i,k and s y,i,k , and www.ietdl.org upon solving we obtaiñ
wheres x,i,k ands y,i,k denote the detector estimates of symbols s x,i,k and s y,i,k transmitted on the kth subcarrier of ith OFDM symbol. Note that the OFDM scheme with polarisation diversity [4] , assuming that both polarisations are used on a transmitter side and equal-gain combining on a receiver side, is the special case of the symbol detector described by (12) and (13). By setting s x,i,k ¼ s y,i,k ¼ s i,k and using the symmetry of channel coefficients, the transmitted symbol can be estimated bỹ
In the presence of laser phase noise the symbol detector estimates are function of the laser phase noise process
The detector soft estimates of symbols carried by the kth subcarrier in the ith OFDM symbol,s x(y)i,k , are forwarded to the a posteriori probability (APP) demapper, which determines the symbol LLRs l x( y) (s) of x-(y-) polarisation by 
The calculation of LLRs in (17) can be performed by numerical integration. For the laser linewidths considered in this paper it is sufficient to use the trapezoidal rule, with samples of f PN obtained by pilot-aided channel estimation as explained in [4] .
Let us denote by b j,x( y) the jth bit in an observed symbol s binary representation b ¼ (b 1 , b 2 , . . . , b nb ) for x-(y-) polarisation. The bit LLRs required for LDPC decoding are calculated from the symbol LLRs by
Therefore the jth bit LLR in (18) is calculated as the logarithm of the ratio of a probability that b j ¼ 0 and b j ¼ 1. In the nominator, summation is performed over all symbols s having 0 at the position j. Similarly, in the denominator summation is performed over all symbols s having 1 at the position j. The bit LLRs calculated by (18) are forwarded to the corresponding LDPC decoders. The LDPC decoders from Fig. 2d employ the sumproduct-with-correction term algorithm. The LDPC code used in this paper belong to the class of quasi-cyclic (array) codes of large girth ( g ! 10) [2, 18] , so that the corresponding decoder complexity is low compared to random LDPC codes, and do not exhibit the error floor phenomena in the region of interest in fibre-optics communications ( 10 215 ).
The parity check-matrix H of quasi-cyclic (QC) (N, K ) LDPC codes [18] where I is the p Â p ( p is a prime number) identity matrix, P is the p Â p permutation matrix (
. . . , p 2 1; other elements of P are zeros), whereas r and c represent the number of rows and columns, respectively. The set of integers S are to be carefully chosen from the set f0, 1, . . . , p 2 1g so that the cycles of short length, in corresponding Tanner (bipartite) graph representation of the parity-check matrix, are avoided. A bipartite (Tanner) graph is a graph whose nodes may be separated into two classes (variable and check nodes), and where undirected edges may only connect two nodes not residing in the same class. The Tanner graph of a code is drawn according to the following rule: check (function) node c is connected to variable (bit) node v whenever element h cv in a parity-check matrix H is a 1. There are N-K check nodes and N variable nodes. As an illustrative example, consider the H-matrix of the following LDPC code 
The bipartite graph (Tanner graph) representation of this code is given in Fig. 4a . The circles represent the bit (variable) nodes, whereas the squares represent the check (function) nodes. For example, the variable nodes v 0 , v 2 and v 4 are involved in equation (c 0 ), and therefore connected to the check node c 0 . A closed path in a bipartite graph comprising l edges that closes back on itself is called a cycle of length l. The shortest cycle in the bipartite graph is called the girth. The girth influences the minimum distance of LDPC codes, correlates the extrinsic LLRs and therefore affecting the decoding process. The use of large girth LDPC codes is preferable because the large girth increases the minimum distance, and de-correlates the extrinsic info in the decoding process. To check for the existence of short cycles, one has to search over H-matrix for the patterns shown in Figs. 4b and c. The codeword length is determined by N ¼ jSjp, where jSj denotes the cardinality of set S, and the code rate is lower bounded by (1-r/jSj). For example, by selecting p ¼ 1123 and S ¼ f0, 2, 5, 13, 20, 37, 58, 91, 135, 160, 220, 292, 354, 712, 830g an LDPC code of rate 0.8, girth g ¼ 10, column weight 3 and length N ¼ 16 845 is obtained. For more details on LDPC codes an interested reader is referred to an excellent book by MacKay [19] .
Evaluation of the proposed hybrid optical network
We are turning our attention to the evaluation of the proposed hybrid optical network. We first compare the BER performance of the employed girth-10 LDPC codes against RS codes, concatenated RS codes, turbo-product codes (TPCs) and other classes of LDPC codes In the simulation results shown in Figs. 6 and 7 we assume that PMD channel coefficients are known at the receiver, because they can easily be determined by pilot-aided channel estimation [3, 4] . On the other hand, the FSO channel may change significantly during the day time, and as such is difficult to estimate. To illustrate the efficiency of this scheme, in Figs. 6a and b we show the constellation diagrams for an aggregate rate of 100 Gb/s, corresponding to the M ¼ 16 QAM and the OFDM signal bandwidth of 12.5 GHz in the presence of atmospheric turbulence (s X ¼ 0.1 and s Y ¼ 0.05), before (see Fig. 6a ) and after (see Fig. 6b ) PMD compensation, assuming the worst-case scenario (u ¼ p/2 and 1 ¼ 0). The corresponding constellation diagrams in the presence of PMD only are shown in Figs. 6c and d . The proposed coded-modulation scheme is able to compensate for the PMD with DGD of even 500 ps in the presence of atmospheric turbulence characterised by s X ¼ 0.1 and s Y ¼ 0.01.
In Fig. 7 we show the BER performance of the proposed scheme for both uncoded case (Fig. 7a) and LDPC-coded case (Fig. 7b) . The OFDM system parameters were chosen as follows: the number of QAM symbols N QAM ¼ 4096, the oversampling is two times, the OFDM signal bandwidth is set to either 10 GHz (M ¼ 32) or 12.5 GHz (M ¼ 16) and the number of samples used in cyclic extension N G ¼ 64. For the fair comparison of different M-ary schemes the optical signal-to-noise ration (OSNR) on the x-axis is given per information bit, which is also consistent with digital communication literature [20] . The code rate influence is included in Fig. 7 so that the corresponding coding gains are net-effective coding gains. The average launch power per OFDM symbol is set to -3 dBm (and similarly as in wireless communications [20] represents the power per information symbol), and the Gray mapping rule is employed. To generate the temporally correlated samples according to (6) , we used the . On the other hand, the improvement due to transmission diversity for the uncoded case (at the same BER) is 1.26 dB. Therefore in the regime of weak atmospheric turbulence, the improvements due to transmission diversity are moderate. On the other hand, in the moderate turbulence regime the use of transmission diversity is unavoidable. Otherwise, the uncoded BER error floor is so high (see s X ¼ 0.5, s Y ¼ 0.1 curve in Fig. 7a ) that even the best LDPC codes are not able to handle, if the complexity is to be kept reasonably low. With transmission diversity, in moderate turbulence regime, we obtain BER performance comparable to the case in the absence of turbulence regime, as shown in Fig. 7 . The strong turbulence regime is not considered here because of the lack of an appropriate temporal correlation model. (The atmospheric turbulence model described in Section 3 is not a valid model in the strong turbulence regime.)
The laser linewidths of transmitting and local laser were set to 10 kHz, so that the atmospheric turbulence, PMD and ASE noise are predominant effects. For the influence of laser phase noise on coherent OFDM systems, an interested reader is referred to [22] . Note that BER threshold required to achieve BER ¼ 10 26 at the output of the LDPC decoder is 1.96 Â 10
22
, and in this region BER values for different laser linewidths are comparable.
Conclusion
We proposed a particular polarisation-multiplexed coded-OFDM scheme suitable for use in hybrid FSO -fibreoptics networks. This scheme is able to simultaneously deal with atmospheric turbulence, chromatic dispersion and PMD. We show that PMD can be compensated even in the presence of atmospheric turbulence. We have found that the most of the degradation comesfrom FSO channel. The proposed coded-modulation scheme supports 100 Gb/ s per wavelength transmission and 100 Gb/s Ethernet. We compare the BER performance of two schemes with a fixed aggregate rate of 100 Gb/s. The first scheme employs 32-QAM and occupies 10 GHz (with a bandwidth efficiency of 10 bits/s/Hz), whereas the second scheme employs 16-QAM and occupies 12.5 GHz (with bandwidth efficiency of 8 bits/s/Hz). We have found that the 16-QAM scheme outperforms 32-QAM by 1.9 dB at a BER of 10 26 , although it has a higher bandwidth, because larger constellation schemes are more sensitive to the atmospheric turbulence. The net coded gain improvement (defined at a BER of 10 26 ) of LDPC-coded 16-QAM OFDM, for s X ¼ 0.1 and s Y ¼ 0.01, over uncoded-OFDM 11.19 dB. The improvements because of transmission diversity are moderate in weak turbulence, and significant in moderate turbulence regime.
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